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This study introduces the concept of compositionally-graded electrochemical additive manufacturing of
advanced metal alloys. The feasibility was demonstrated using a NiCoFeCu system for electromagnetic
applications. The effects of grading frequency and voltage on output geometry and elemental composi-
tion were studied. Application of constant signals throughout pillar build yielded varying width and ele-
mental composition along the pillar length. Additional grading of voltage from low to high favoured
wider pillars and enhanced copper content. Auxiliary plating effects were used to explain compositional
deviations from conventional electroplating. Frequency response varied with voltage, suggesting its use
as a secondary, fine-tuned parameter.

� 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction

Interest in metal alloys of varying compositions, and assemblies
of such components, is on the rise across many applications where
a balance of functionality (i.e.: electromagnetic), constraints (i.e.:
weight), and resistance to elements (i.e.: thermal, corrosion, wear)
is desired [1]. However, methods of composite assembly introduce
designconstraints andmanufacturing complexity [2]. Analternative
to fabricate such parts is functionally-graded additive manufactur-
ing (FGAM), in whichmulti-material additivemanufacturing is per-
formed using spatially-varying compositions of metals [3] via
discrete, computerized control [4]. However conventional FGAM of
metals relies on metallurgical (thermomechanical) means of alloy
formation, presenting serious issues in process control and integrity
of the final part. Due to these complications, metal FGAM processes
remain in a technologically early state [1]. Electrochemical additive
manufacturing (ECAM) is emerging as an alternate, nonthermal
means of additive manufacturing (AM) [5]. Electrochemical deposi-
tion of metals involves an entirely different crystallization mecha-
nism than that of thermal processes. Electrochemical deposition
allows for more-dispersed alloys (ie: solid solutions for a silver-
lead system) to bedeposited; in contrast tometallurgy,which is lim-
ited to production of eutectic mixtures [6].

Although a variety of systems and parameters have been stud-
ied for ECAM, the concept of compositionally-graded ECAM-built
parts has not yet been performed [7] and is therefore the focus
of this study and termed CG-ECAM. In this study, a combination
of elements relevant to electromagnetic applications is deposited,
consisting of: (1) magnetic regions with relatively higher amounts
of iron-group metals nickel, cobalt, and iron; versus (2) conductive
regions with a relatively higher percentage of copper. Together, the
ability of ECAM to localize deposits [5], along with the control over
composition and microstructure in metal electrodeposition [8–10],
make CG-ECAM a promising manufacturing process to fabricate
parts for such applications.

2. Method

An in-house-built experimental setup combining microcon-
trollers (Arduino Mega and Adafruit v2 Motorshields), positioning
hardware (three-axis stage of Zaber LSA-10A stepper motors),
potentiostat (hand-built), and electrochemical cell (0.25 mm Pt-Ir
wire tool and brass plate substrate). The system and voxel-by-
voxel closed-loop control deposition method resembled that of
prior work [5] with the additional capability of changing deposi-
tion conditions in a voxel-by-voxel manner and the use of a
multi-metal plating bath (0.5 M NiSO4�6H2O, 0.1 M CoSO4�7H2O,
0.01 M FeCl2�4H2O, 0.05 M CuSO4�5H2O, 0.485 M H3BO3, 0.5 M
Na3Cit�2H2O, 0.1 mM PEG3350, and 0.18 mM H2SO4.) The voxel size
was defined to be 3 motor steps (4.5 lm), and vertical pillars of 300
voxel height (totaling 1350 lm) were constructed using a pulsed
square wave of constant or varying voltage and/or frequency. The
duty cycle was kept constant at 50%.

A parameter space of low and high tool-substrate voltage differ-
ences (Vlow = 4.5 and Vhigh = 5.5 V) and frequencies (flow = 100 and
fhigh = 1000 Hz) was used in this study. Pillars were initially
pplica-
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Fig. 1. Pillar characterization: (a) Representative close-up SEM image and EDX scan at the midpoint of pillar built under baseline conditions 4.5 V and 100 Hz, (b) SEM images
of compositionally-graded pillars; N/A refers to broken/incomplete deposits.

Table 1
Main and interaction effects of baseline signals on average output width (first value in
lm) and Cu content (second value in atomic %) in pillars; annotations in the table
correspond to trials that were averaged.

Parameter flow fhigh Main eff. Int. eff.

Vlow 101/53
(Ia)

N/A/N/A
(IIa)

101/53 N/A/N/A

Vhigh 213/57
(IIIa)

223/55
(IVa)

218/56 10/2

Main eff. 157/55 223/55
Int. eff. 112/4 N/A/N/A
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fabricated under constant-voltage, constant-frequency conditions
at all combinations – these ‘‘baseline” conditions were then incre-
mentally changed to study the additional effect of grading one or
both parameters. Baseline low-level parameters were graded up
to the high level and vice-versa. Images and atomic percentage
quantities of elements deposited were obtained using scanning
electron microscopy (SEM), and energy-dispersive X-ray spec-
troscopy (EDX). A representative image showing a close-up view
of the surface and elemental scan of the deposit is shown in
Fig. 1(a).
3. Results and discussion

SEM images of the final pillars are shown in Fig. 1(b). Pillar
widths and copper content percentages at 1/3, 2/3, and full pillar
height were manually located and resulting values are inset within
the figures. The major quadrants (I-IV) correspond to a given base-
line frequency and voltage condition. Within each quadrant, vary-
ing grading patterns are shown: (a) both parameters ungraded, (b)
frequency graded, (c) voltage graded, and (d) both parameters
graded. Any changes in copper content are implicitly accompanied
by an opposing change in total magnetic element (NiCoFe) content.
Statistical analysis was performed to understand main and interac-
tion effects on elemental content of the pillars [11].

3.1. Effect of baseline parameters on output pillar width and
composition

Table 1 analyzes the average width and copper content of pillars
at all constant baseline signals (runs denoted by subscript a).
Width and copper content were both higher when comparing Vhigh

versus Vlow (218 vs 101 lm and 56 vs 53% Cu), but less-
significantly impacted when comparing fhigh versus flow (223 vs
2

157 lm and 55 vs 55% Cu). Interactions could not be compared
at Vlow due to consistent breakage of pillars built under its combi-
nation with fhigh (Quadrant II). Trial Ib (4.5 V, graded 100–1000 Hz)
consists of a pillar approaching these conditions in its upper half,
which broke off. This suggests that pillars built using Vlow and fhigh
at the pillar base failed early in the build failed due to a fragile
geometry under the bubbling electrolyte beneath the tool.
Although higher frequencies would be expected to deposit more
copper [12], there was no systematic main effect of frequency on
copper content. Overall, the observed behavior elucidates (1) a
voltage-dependent frequency response and (2) limited deposition
capabilites at specific voltage-frequency combinations.

The higher average copper content seen at a higher voltage
appears opposite to what is expected from the electrochemical ser-
ies. This deviation may be explained by copper ion complexation
with citrate, which minimizes its reduction potential relative to
iron-group metals [13–16]. Deviation of a similar nature emerged
in ECAM of NiCu pillars using a citrate bath [17]. Additionally,
the active plating area is not discretely confined to the tool-
substrate gap. Instead, it tapers off gradually, exposing the entire
substrate and built voxels to relatively low current densities that



Fig. 2. Percent changes from bottom to top of pillar: (a) width and (b) Cu content.

Table 2
Main and interaction effects of signal grading patterns on graded percent change in output width (first value) and Cu content (second value) along pillar length; annotations in the
table correspond to trials that were averaged.

Parameter f; fungraded f" Main eff. Int. eff.

V; �62/�56
(IVd)

�68/�54
(IIIc, IVc)

�75/�49
(IId)

�68/�53 6/24

Vungraded �65/�58
(IVb)

�14/�44
(Ia, IIa, IIIa, IVa)

�72/�58(IIIb) �32/�49 55/22

V" N/A/N/A
(N/A)

+7/�25
(Ic, IIc)

+17/�69
(Id)

+10/�39 11/45

Main eff. �63/�57 �22/�42 �43/�59
Int. Eff. 2/3 40/32 46/10
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influence plating geometry [5,18]. In CG-ECAM, these conditions
would cause higher copper content to accumulate on earlier vox-
els. A higher tool-substrate voltage difference also raised the over-
all magnitude of the auxiliary low current densities, likely
depositing even more copper [19]. This is reflected in the increase
in copper content at the bottom pillar location from 69% to 78%
when the baseline voltage was increased from 4.5 to 5.5 V respec-
tively at 100 Hz operation.
3.2. Effects of grading voltage and frequency on graded output pillar
width and composition

Next, the feasibility of grading the outputs was evaluated, start-
ing from different initial conditions at the base of the pillars. Per-
cent changes in outputs along pillar length are shown in Fig. 2.
Table 2 provides main effects and interactions of varying combina-
tions of applied grading patterns (down, ungraded, or up). Graded
changes in output occurred even when both voltage and frequency
were ungraded. This behavior suggests that each voxel built was
also sensitive to the dynamic electrochemical environment and
characteristics of previously-deposited voxels.

Reflecting the trend seen in baseline conditions, changing the
voltage grading pattern (from down, to ungraded, to up) resulted
in a systematic increase in width (�68% to �32% to +10%) and sti-
fled decrease in copper content (�53% to �49% to �39%) along pil-
lar length. A similar change of frequency grading did not yield
systematic changes in narrowing (�63%to �22% to �43%) or
decrease in copper content (�57% to �42% to �59%) along pillar
length. Width was most sensitive to frequency effects at an
ungraded voltage. Copper content was most sensitive to frequency
effects at a high voltage. Width was most sensitive to voltage inter-
actions when frequency was graded up. Copper content was most
3

sensitive to voltage when frequency was ungraded. Overall, width
and elemental composition varied systematically with voltage, but
frequency effects were more complex.
4. Conclusions

Extension of ECAM to a process capable of fabricating
compositionally-graded micro pillars was demonstrated by con-
trolling the applied plating signal parameters (voltage and fre-
quency) in a voxel-by-voxel manner and analyzing the effect on
the graded pillar width and elemental composition. Starting with
a higher baseline voltage yielded slightly higher copper content.
This ran counter to what would be expected from the electrochem-
ical series, but was explained by the influence of citrate complex-
ation and auxiliary plating effects. A higher baseline frequency
yielded no noticeable main effect on copper content. Although
higher copper content was expected at higher frequencies, results
instead showed an irregular trend and suggest a complex fre-
quency response of the system.

The degree of width and compositional grading along the micro
pillars was quantified by calculating their respective percent
changes from the bottom to the top of the pillar. Under a steady
baseline signal, these outputs already varied along the length of
the pillar. Grading voltage up increased the resulting grading up
of pillar width and copper content. An overall increase in copper
content along the length of the pillar was also seen – this was likely
due to auxiliary plating effects skewing voxels earlier in the build
to accumulate more copper during the build of subsequent voxels.
This effect could be compensated for via a pre-programmed volt-
age pattern or more precise potentiostatic control of the substrate.
Applied frequency changes did not result in a unified trend across
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all trials, suggesting that this parameter should be secondary to
and fine-tuned with respect to the applied voltage.
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